The PIV measurement results demonstrate clearly that the slit generates a selfissuing jet into the cylinder wake and the passive jet is effective in manipulating the wake vortex shedding process from the circular cylinder. As the jet vortices being shifted downstream, they help to detach the shear layers rolled up from both sides of the circular cylinder. Because of this dynamic interaction process, the antisymmetric pattern of the wake vortex shedding from a natural cylinder is found to be converted to a bistable mode flow behind the slotted cylinders. As a result, the dimensionless vortex shedding frequency is observed to be switched to a very low level and a flip-flop phenomenon is found.
I. Introduction
hen exposed to flow, a circular cylinder is characterized by flow separation and alternating vortex shedding downstream in the near wake (Brika and Laneville., 1993) . If the circular cylinder is free to move, vortex induced vibrations (VIVs) may take place when its vortex shedding frequency approaches the structure's natural frequency. Engineering structures or equipment with cylindrical cross sections, such as cables of cable-stayed bridges, towers, offshore structures, heat exchangers, are usually immersed in moving fluids (air, water et al), thus VIVs are likely to occur. Vortex induced vibrations (VIVs) may lead to catastrophic damages to the structures. Therefore, it is strongly desired to develop effective ways to manipulate the flow and mitigate the potential VIVs.
In consideration of its crucial role in VIVs, a general philosophy adopted in flow control is to attenuate or even completely eliminate the asymmetric vortex shedding from the bluff body. Dong et al. (2008) introduced a novel flow control scheme characterized with windward suction and leeward blowing (WSLB) to eliminate the von Kármán street formation in the wake. Liu and Feng (2015) conducted a numerical study to confirm that a complete suppression of the lift fluctuation on a circular cylinder could be realized by inducing a symmetric vortex shedding mode in the wake. More recently, suction control (Chen et al., 2014) , synthetic jets , plasma actuators (Croke et al., 2010) , heating the cylinder (Lecordier et al., 1991) , rotating the cylinder (Chan et al., 2011) , electromagnetic force control (Posdziech and Grundmann., 2001) have been proved to be effective ways to control the flow past a circular cylinder. Besides active means, passive control methods are usually employed to modify the body wake and suppress the resultant flow forces. Efforts have been made by simple modifications to the geometry of the bluff body to improve the fluidic behaviors. Dimpled surface, surface protrusions, grove, splitter plates, and bleed control are typical examples of passive flow control methods (Choi et al., 2008) . Zhou et al. (2015) experimentally investigated the flow past a circular cylinder with dimpled surface. The study revealed that the cylinder covered with uniform dimples could reduce the drag coefficient 10% in comparison with a smooth cylinder. Owen et al (2001) attached hemispherical bumps to a cylinder surface to reduce the drag and suppress the vortex shedding. Wu et al. (2015) numerically investigated vortex-induced vibration of an elastically mounted circular cylinder with a hinged flat plate. It was found in their study that the cylinder vibration and the force fluctuations could be efficiently suppressed due to the existence of the hinged plate.
In comparison with complex and expensive active techniques, passive control schemes are much easier and less costly from the implementation standpoint and therefore worthy of study. In the present study, a flow communicating channel is created by slotting a slit between the windward and leeward stagnation points of the circular cylinder. Detailed flow measurements are conducted to investigate the flow characteristics around a circular cylinder modified with a slit slotted along the axis.
II. Test model and experimental setup
The experimental campaign was conducted in a wind tunnel affiliated to the Joint Laboratory of Wind Tunnel and Wave Flume, Harbin Institute of Technology, China. The turbulence intensity level in the test section of the wind tunnel was found to be about 0.36%. Figure 1 (a) illustrates the cylindrical test models investigated in the present study. The cylindrical test models are made of smooth aluminum alloy tubes with an outer diameter of 50 mm. They all have a length L of 503.5 mm, which is determined to adapt to the width of the test section. With longitudinal length L0 of 400 mm, a slit is slotted along the diameter in the cylindrical test models. The width of the slit (S) changes from 2.5 mm to 7.5 mm with the increment of 2.5mm and the resulting slit ratios (S/D) are 0.05, 0.075, 0.10, 0.125 and 0.15 respectively. The value of L0/D is calculated to be 8 and the smallest L0/S 53.33, thus the two-dimensionality of flow round the slotted cylinder is maintained. During the experiments, the slit is set parallel to the incoming airflow. In addition to the slotted cylinders, a natural cylinder without slit is also investigated as the baseline case for reference and comparison. During the experiments, the speed of the incoming airflow is set at 8.0m/s for all the test cases, corresponding to the Reynolds number, based on the diameter of the test model and the incoming airflow velocity, is Re=2. To quantify the flow characteristics around the cylindrical test models modified with and without parallel slit, a high-resolution particle image velocimetry (PIV) system was employed to conduct detailed flow field measurements. Figure 1 (b) shows the schematic of the PIV measurement setup for the flow field measurements. More than 300 frames of instantaneous PIV image pairs were obtained for each case in order to ensure a good convergence of the measurements. After acquiring the PIV images, instantaneous velocity vectors were induced by using frame to frame cross-correlation technique involving successive frames of the patterns of particle images. The size of the interrogation window was 32×32 pixels and an effective overlap of 50 % of the interrogation windows was employed in PIV image processing. The test model is placed horizontally and perpendicularly to the incoming airflow. With two steel bars, the test model was firmly mounted to the end plates, which were locked to the tunnel walls, as shown in Fig. 1 (c) . A digital pressure measurement system was used to measure the surface pressure distributions in the mid-span of the cylindrical test model. The pressure measurement plane is made by using a 3D printer. 36 pressure taps were evenly distributed on the pressure measurement plane of the natural cylinder. It is noteworthy that for the slotted pressure measurement planes, pressure taps are vacant both in windward and leeward stagnation points because of the existence of slit, as can be seen from Fig.1 (d) . With a sampling rate of 312.5 Hz, the data acquisition time for instantaneous surface pressure measurements was set to be 30 s for all the test cases during the wind tunnel tests.
According to Chen et al. (2014) , the resultant wind loads (i.e., the lift and drag forces) acting on the cylindrical test model could be estimated by integrating the measured pressure distributions on the cylinder surface. The coefficients of the lift and drag forces acting on the cylinder, L C and D C can be calculated as:
III. Experiment results
Figure 2 presents the mean and fluctuating pressure distributions on the surface of the cylinder model with and without slit measured by the pressure measurement system. As shown in Fig. 2 , the base pressure regions on the leeward side of the cylinders with slit are clearly lifted in comparison with the baseline case, which indicates a drag reduction for all the controlled cases. The root-mean-square (RMS) values of the instantaneous pressure coefficients are also calculated and presented in Fig. 2 . It is found that the pressure fluctuation amplitudes on the leeward side of the test models with slit are much smaller than that of the natural cylinder, i.e., the baseline case. Pressure fluctuations are usually used to evaluate the unsteady wind loads acting on the cylinder. It can therefore be concluded that not only drag reduction but also suppression of the unsteady dynamic wind loads are realized simultaneously by simply slotting a slit in the cylindrical test model. By applying the formula suggested in equation (1), time histories of the lift force coefficients acting on the test model are plotted in Fig. 3 . In the plots, the cyan lines denote the lift coefficients measured from the baseline case, whilst the red lines represent lift coefficients measured from the cylinders with different slit ratios. As can be seen from the figures, the lift coefficients of the natural cylinder without slit experience high magnitudes and significant fluctuations. Nevertheless, the lift forces acting on the cylinder models with slit are all considerably suppressed in comparison with the baseline case. Root-mean-square (RMS) values of the instantaneous lift coefficients for all the test cases are then calculated and presented in Fig. 4 . RMS value of the lift coefficient can be used as a more quantitative approach to assess the effectiveness of flow control. Clearly, a slit can effectively reduce the lift forces acting on the cylindrical test model. It should be noted that for the test case with S/D of 0.05, the RMS value of the lift coefficients reaches a minimum and the lift suppression is found up to 81.78%. When S/D exceeds 0.125, the RMS value of lift coefficients tends to remain stable. Figure 5 shows the results of power spectrum analysis on the measured dynamic lift forces acting on the cylindrical model by using a fast Fourier transform (FFT). As can be seen in the plots, the baseline case has a dominant frequency of 32.6 Hz and the corresponding Strouhal number (St) is about 0.204. However, for the time sequences of the lift forces measured from the cylindrical modes with slit, the dominant frequencies in the power spectrum are found to switch to a very small level. It indicates a flip-flop phenomenon, during which the switchover time is one order larger than that of the conventional vortex shedding from a natural cylinder, as reported in the research findings of Kang (2003) . Figure 6 shows the instantaneous flow structures of the wake flow behind the cylindrical test model for the all the cases obtained by PIV measurement system .As shown Fig.6 , a pair of antisymmetric vortex structures are shed from each side of the natural cylinder, i.e., the baseline case, and a Karman vortex street is observed to form in the wake behind the cylinder. For the cylindrical test models modified with a parallel slit, a pair of symmetric jet vortices are found to form in the near wake behind the cylindrical test model. The vortices pair elongates the shear layers rolled up from both sides of the cylinder wall and tends to detach the alternating vortex street. As a result, the vortex formation region is pushed further downstream. It is noteworthy that the jet vortices becomes stronger with the increase of S/D value, because the self-issuing jet will be strengthened with a larger slit. When S/D >0.10, two arrays of nearly detached wake vortices are observed to form owing to the enhanced jet flow into the wake, which indicates the pattern of the wake vortex shedding has converted into a symmetric mode. Time-averaged flow structures obtained by PIV measurements for the controlled cases are illustrated in Fig. 7 . It is shown that a large recirculation region is formed in the wake behind the cylinder. Meanwhile, the turbulent kinetic energy (TKE) values in the wake are found to be quite high, especially along the vortex shedding paths, corresponding to the alternate vortex shedding. Benard et al. (2008) suggested that the TKE values can be used as the measurement of the turbulence mixing in the wake flow. From the time-averaged streamlines behind the slotted cylinder illustrated in Fig. 7 , it can be seen that the self-issuing flow jets into the near wake through the orifice placed at the leeward stagnation point, and interacts with the recirculating flow behind the cylinder. For the test case with S/D<0.10, the interaction and competition between the slit jets and separation flows results in two recirculation regions, an upstream one and a downstream one, in the wake behind the test model. However, when the slit ration S/D exceeds 0.10, the wake flow patterns of the slotted cylindrical test models behave like two side-by-side arranged D-shaped cylinders. In general, the TKE levels in the wake flow behind the slotted cylinders are found to decrease, which indicates a lower turbulence level in the near wake. Therefore, the unsteadiness of the surface pressure and the fluctuating amplitude of the resultant dynamic wind loads acting on the test model achieved a suppression in comparison with the baseline case, as shown in Fig. 4 . To get an insight look into the jet and interaction process, a more detailed flow measurement is conducted by using PIV system. The time-averaged streamlines behind the test model with S/D=0.075 is then induced by using frame to frame cross-correlation with more than 300 pairs of images obtained by PIV system, as shown in Fig.8 . When the jet flow is formed and issued into the wake, it competes with the backward flow and is relocated laterally. Afterward, the self-issued jet flow interacts with the shear layers and they are transported downstream together. In consequence, there are two pairs of vortex being observed behind the cylindrical test model, which is different from the pair of vortices formed in the wake of a natural cylinder. The detailed instantaneous flow structures are also presented in Fig.9 . It can be seen that the jet flow is biased towards upward side, downward side or streamwiseoriented intermittently. The competition between the small-scale jet vortices and the asymmetric-mode instability leads to the bistable flow patterns in the near wake. In Fig.3 , the lift force is noticed to switch intermittently for the cylinder with slit, it is also believed to be associated with the flip-flop phenomenon. According to the research findings contributed by Bohl and Koochesfahani (2009) based on a control volume analysis, the mean drag coefficient of the circular cylinder was estimated by using the following expression:
S/D=0 (

The integration interval is from Y/D=-2.0 to 2.0. Applying this formula, the mean drag coefficients of the test cylinder model are analyzed to assess the effects of the slit slotted in the cylinder. The drag estimation results are given in Fig.10 . The mean drag coefficient of the natural cylinder is estimated to be 1.14, which agrees with the result derived from pressure measurement. It can be seen from Fig.10 that with the implementation of cylinder slit, the mean drag coefficient experiences a downward trend in comparison with the natural cylinder. At S/D=0.05, the drag reduction is found to be 6.14%.When the slit width increases, the mean drag coefficient experiences a slight increase and then shifts downwards again after S/D=0.10. One possible explanation is that the flip-flop flow has been gradually developed with the increase of slit width and the effects of passive jets become weak. When S/D changes to 0.15, the drag reduction is found up to be 18.42%. 
IV. Concluding remarks
Flow past a modified circular cylinder with a slit was experimentally investigated at a Reynolds number of Re=2.67×10 4 in the present study. The slit was manufactured inside the cylinder and was set parallel to the incoming airflow to create a flow communicating channel between the windward and leeward stagnation points. Based on the surface pressure the RMS value of lift forces acting on the circular cylinder with a slit ratio of S/D=0.05 is suppressed up to 81.78% in comparison with the natural cylinder. As the slit ratio increases, the lift coefficient experiences an upward trend. For the cylindrical test models modified with a slit parallel to the incoming airflow, a pair of symmetric jet vortices are found to form in the near wake behind the cylinder. The vortices interacts with and elongates the shear layers rolled up from both sides of the cylinder wall and tends to detach the alternating vortex street. When S/D >0.10, two arrays of nearly symmetric wake vortices are observed to form in the wake and the vortex formation region is pushed further downstream. 
